them an excellent choice for low-noise amplifiers, oscillators [3] , and power amplifiers.
The traditional figure-of-merit for low-frequency noise, the noise corner frequency , accounts for only noise. In circuit design, however, the speed of the transistors is also a critical design issue. Si BJTs typically have low , but do not have sufficient gain to sustain oscillation at RF and microwave frequencies because of their limited . GaAs HBTs have high , but typically have high and, hence, generate larger phase noise when used in oscillators. SiGe HBTs, however, provide comparable to GaAs HBTs and lower than Si BJTs, making them an attractive choice for ultra-low phase-noise oscillators [3] . A better figure-of-merit to characterize low-frequency noise for these applications is the ratio [4] , originally defined in [5] , because it takes into account high-frequency response through .
This paper presents modeling and experimental results of the low-frequency noise figures-of-merit and in a commercial SiGe RF technology. Low-frequency noise spectra and high-frequency -parameters were measured, from which and are extracted. Four SiGe HBT wafers featuring different SiGe profile designs were used to examine the impact of SiGe profile shape on and . The profile comparison results are then used to derive a new figure-of-merit for SiGe profile design. Many wireless systems operate at frequencies below 50 GHz, the peak achieved in this SiGe technology. The excess can be traded for higher breakdown voltage to allow larger signal power, which reduces additive phase noise in voltage-controlled oscillators [6] . We will examine how the fabrication process modifications required for increasing breakdown voltage affects low-frequency noise, which then determines modulative phase noise in oscillators.
To facilitate optimum choice of biasing current in circuit design, and were measured across a wide range of operating current. One of the levers in RF integrated-circuit (RFIC) design is that the device size and layout can be used as design variables. Emitter length, for example, can be optimized for active noise matching in low-noise amplifier (LNA) design [7] . The same total device area required is typically obtained by parallel connection of small area unit cells. An array of SiGe HBT unit cells with different emitter areas are characterized over a wide range of biasing current to facilitate the optimum choice of device geometry, biasing current, and unit cell size that minimizes the low-frequency noise. II. DEVICE TECHNOLOGY Fig. 1 shows a schematic cross section of the SiGe HBT used in this study. The SiGe HBT has a planar self-aligned structure with a conventional polyemitter contact, silicided extrinsic base, and deep-and shallow-trench isolation. The SiGe base was grown using the ultrahigh vacuum/chemical vapor deposition (UHV/CVD) technique. Devices of two different breakdown voltages were obtained on the same chip in the same fabrication flow by selective implantation during collector formation. The standard breakdown voltage (SBV) devices received both a deep and a shallow collector implant, and have a peak of 50 GHz ( V). The high breakdown voltage (HBV) devices received only the deep collector implant, and have a peak of 30 GHz ( V). Details of the fabrication process can be found in [8] .
Four wafers with different SiGe profile designs were measured, including a 10% peak SiGe control, a 14% peak low-noise design ( ), a 18% peak low-noise design ( ), and an Si BJT comparison. Details of the SiGe profile design can be found in [9] and [10] . All of the wafers were fabricated in the same wafer lot under identical processing conditions. The SiGe films in all of the SiGe designs are unconditionally stable to defect generation. Compared to the SiGe control, the and designs have a higher Ge content and a larger Ge gradient in the neutral base to achieve higher and higher , but less Ge retrograding into the collector to keep the total Ge content within the thermal stability limit.
III. LOW-FREQUENCY NOISE FIGURES-OF-MERIT
It has been experimentally established that the major noise source in these SiGe HBTs is the base current noise [2] , [3] . The noise is proportional to and inversely proportional to the emitter area as follows: (1) where is a technology dependent constant, and for typical SiGe HBTs.
corresponds to the flicker noise constant in SPICE. The noise corner frequency is obtained by equating the noise to the shot noise as follows: (2) where is assumed for simplicity and insight, as detailed below, is the collector current density, and is the dc current gain.
Equation (2) suggests that is proportional to and , and inversely proportional to . This differs from that derived in [5] . The derivation of [5] showed that is independent of biasing current density because was assumed according to mobility fluctuation. This, however, is not the case in our devices, which all show an close to two.
The figure-of-merit for frequency response, cutoff frequency , is related to by (3) where is the forward transit time, is the thermal voltage, is the transconductance per unit area, and is the total junction depletion capacitance per unit area. Prior to , rolloff at high and are constant in the typical range of interest to RF circuits (0.1-1.5 mA/ m ). The ratio is obtained by combining (2) and (3) as follows:
Thus, the model suggests a linear increase of the ratio with operating collector current density provided that and are constant. This is in contrast to the prediction of a independent ratio in [5] , which assumed ( in our devices). At higher , where is larger, and . Thus, the ratio is determined by the term at higher . A smaller , higher , and smaller factor are desired to reduce . A smaller indicates better phase noise performance at higher frequencies. 
IV. EXPERIMENTAL RESULTS
Low-frequency noise spectra and -parameters were measured on both standard and HBV devices for the SiGe control, the and low-noise SiGe designs, and the Si BJT comparison. Low-frequency noise was measured using an EG&G 5113 preamplifier and an HP3561A dynamic signal analyzer controlled by a Labview program. -parameters were measured from 0.5 to 40 GHz using an HP8510C vector network analyzer, from which was extracted. The forward transit time and the depletion capacitance per unit area were determined from the intercept and slope of the linear extrapolation of the measured data, respectively. In the low-frequency noise measurements, devices were biased at collector current densities from 0.1 to 1.5 mA/ m , the range of interest to RF circuits for the SBV devices. Fig. 2 shows a typical low-frequency base current noise spectrum for an SBV SiGe control HBT. The noise spectrum shows a clear component and the shot noise level. The corner frequency is determined from the intersection of the component and the shot noise level. The rolloff above 10 kHz is due to the bandwidth limitation of the preamplifier used. The measured product was plotted as a function of , from which the SPICE noise constant was extracted by assuming . The obtained is approximately proportional to , leading to an emitter area independent factor of 2.0 10 m . The measured factor is approximately the same for all of the SiGe designs.
A. Collector Operating Current Dependence
The measured and calculated versus are shown on the left -axis of Fig. 3 for an SBV HBT on the SiGe control wafer. The measured versus dependence is shown on the right -axis. The cutoff frequency increases with according to (3) prior to the rolloff at high injection. The corner frequency increases with , as predicted by (2) . The common practice of quoting corner frequency value without specifying biasing current and device geometry can be misleading because strongly depends on biasing current density, as shown by the data in Fig. 3 . The calculated is in close agreement with measured data. The slight deviation from a linear increase is caused by the dependence of and the deviation of from two. Fig. 4 shows the measured ratio, together with modeling results calculated using (4). The modeling results agree well with the measured data. The ratio increases with , as predicted by (4). These results suggest that in order to reduce the and ratio, the smallest that provides adequate should be used.
B. High Breakdown Versus Low Breakdown
One of the most favorable properties of SiGe HBTs is the low corner frequency , which makes them excellent choices for power amplifiers and oscillators [1] . In VCOs operating below the peak cutoff frequency of the HBV device (30 GHz), the HBV device is a better choice than the high device. The HBV device has the natural advantage of operating with a larger signal power, thus reducing additive phase noise according to Leeson's theory [11] .
A logical question is how the use of the HBV device affects the modulative phase noise up-converted from low-frequency noise. Fig. 5 compares the product as a function of for standard and HBV devices on the SiGe control wafer. At the same , the standard and HBV devices show nearly the same product. Due to their similar , the two devices show nearly identical at the same , as shown in Fig. 6 . Fig. 7 shows the measured and modeled ratio versus , together with measured for both devices. At lower is very close in the standard and HBV devices. As increases, in the HBV devices decreases because of the enhanced Kirk effect due to the low collector doping. This difference translates into an difference. The ratio is very close in the standard and HBV devices before the rolloff at high injection. The ratio becomes higher in the HBV device after the rolloff. The similar low-injection noise behavior in the SBV and HBV devices indicates that the noise sources created by the collector implantation through the SiGe base do not contribute significant noise. Since the up-conversion process is similar in the HBV and SBV devices, we expect the modulative phase noise in the HBV device to be as low as that in the high SBV device for current densities lower than the peak .
C. SiGe Profile Dependence and Profile Design Implications
The two low-noise SiGe profiles, and , were optimized to improve and without sacrificing SiGe film stability and peak [9] , [10] . Fig. 8 shows the measured data for the SiGe control, the two low-noise HBTs, and the Si BJT comparison. All of the SiGe HBTs have much higher than the Si BJT. and have a slightly higher than the SiGe control. The measured noise factor is nearly identical for all of the SiGe designs. We thus expect a significant reduction of , as well as in the two low-noise SiGe designs according to (2) and (4). The measured data shown in Fig. 9 confirms this expectation. The noise corner frequency is indeed the lowest in and , and highest in the Si BJT. The ratio is the lowest in the two low-noise HBT designs because of the much lower and slightly higher , as shown in Fig. 10 . For the same operating frequency, SiGe profiles optimized for high , and high should have better phase noise performance because of the lower . To achieve the same RF gain, transistors with a higher have the advantage to operate at a lower , which further reduces and phase noise. The above results suggest that the ratio can be used as a figure-of-merit for SiGe profile optimization because is proportional to according to (4) . The factor is primarily determined by the emitter structure, and independent of the SiGe profile, as well as the collector doping profile, as evidenced by the experimental data. An SiGe profile producing the lowest ratio leads to the best ratio, and should have the best phase noise performance at higher frequencies.
The modeled and ratio for the Si comparison, SiGe , and SiGe were calculated according to (2) and (4), which were derived using . The for SiGe control (2.24), however, deviates from two. The deviation can be taken into account by using as a model parameter in the derivation of and . The resulting equations are
The factor is now defined using , and has dimensions of m . These modified equations were used to calculate the modeling curve for SiGe control. The modification is necessary to achieve quantitative agreement with measurement for SiGe control. Equations (2) and (4), however, provide better insight and intuitive understanding of the biasing current density dependence because of simple functional forms.
D. Geometrical Scaling and Optimal Transistor Sizing
In RFIC design, the device geometry and layout are often used as design variables. The total emitter length required is often physically realized by connecting a number of small area unit cells in parallel. To investigate the low-frequency noise performance of unit cells with different emitter areas, measurements were made on the standard SiGe control wafer for the four device emitter areas: 1) m ; 2) m ; 3) m ; and 4) and m . Fig. 11 compares the product as a function of the base current for the four devices. SiGe control HBTs of different emitter sizes show the same base current noise and emitter area product when biased at the same base current. Fig. 12 shows the noise corner frequency versus collector current density for different emitter areas. To our surprise, the m device has the lowest at the same . First-order theory predicts the same if is assumed to be invariant among different emitter areas. This, however, is not the case in these devices, as shown by the measured versus data given in Fig. 13 . The m device has a higher than the other three geometries. The higher for this geometry is consistently observed on both the Si control wafer and the three SiGe HBT wafers, and is possibly due to the strain induced by the shallow trench isolation.
factors and being the same, a higher leads to a lower because is inversely proportional to current gain. On the other hand, for a given is independent of geometry before high injection rolloff [12] . The difference among different geometries translates into an difference. Under the same , the m HBT has the lowest and , therefore, it is an optimum unit cell choice for device layout. For instance, if the total effective emitter area required is m , a parallel combination of four m HBTs should have a better low-frequency noise performance than ten m HBTs in parallel, or one m HBT. A corner frequency reduction of nearly 50% can be achieved by using an optimum unit cell size.
V. CONCLUSION
We have presented modeling and experimental results of corner frequency and corner frequency to cutoff frequency ratio in a commercial SiGe HBT technology. The corner frequency is proportional to the collector current density , and inversely proportional to . The ratio is proportional to the product of , the forward transit time , the noise factor , and is inversely proportional to . The HBV devices show nearly the same and ratio as the high devices at lower prior to the rolloff. Measurements of devices featuring various SiGe profile designs show that both and the ratio can be significantly reduced by careful SiGe profile optimization without sacrificing SiGe film stability. The results also suggest that the ratio can be used as a noise figure-of-merit for SiGe profile and collector doping profile optimization in device design. The noise corner frequency was found to be device geometry dependent, and can be reduced by as high as 50% when the 0.5 2.5 m HBT is used as the unit cell in RFIC design.
